Soil-rock mixture is a kind of unfavorable geologic material, and it is composed of low-strength soil particles and high-stiffness rock blocks. Mechanical properties of soil-rock mixture were controlled by the internal mesoscopic medium, thus resulting in great difficulties of determination of mechanical parameters. In this paper, influences of rock content, mesoscopic features, and random distribution of mixture in soil-rock mixture on its shear strength were discussed through discrete element numerical simulation of the laboratory triaxial test. Results demonstrated that, with the increase of rock content, the internal friction angle of soil-rock mixture increased continuously, while the cohesion of soil-rock mixture decreased firstly and then increased. e stressstrain curve belonged to a nonlinear hardening type, which was close to soil characteristic. However, the shear strength was affected by mesoscopic medium of mixture particles significantly, resulting in the strong discreteness of strength, and only by large amounts of data statistics can we get a better regularity of strength. e research results can provide references to determine mechanical parameters of soil-rock mixture.
Introduction
Soil-rock mixture is a kind of bad geological material, which is composed of low-strength soil particles and high-stiffness rock mass cementing. Its mechanical properties are controlled by mesoscopic medium and cementation degree in the medium, resulting in the great difficulties of determination of mechanical parameters. How to consider the mesoscopic structure of soil-rock mixture and then establish the method to determine its mechanical parameters have important theoretical and practical value.
Currently, mechanical parameters and deformation features of soil-rock mixture are mainly studied by the in situ test, laboratory test, and numerical simulation. Mechanical parameters and deformation characteristics were mainly controlled by mesoscopic structure of soil-rock mixture [1] . Miller et al. [2, 3] conducted triaxial laboratory tests on the mixture of clay and coarse sand and found that when the sand content was between 50% and 70%, with the increase of the sand content, the internal friction angle gradually increased, while the cohesive force gradually decreased. Kristensson and Ahadi [4] studied the shear failure characteristics of soil-rock mixture by using discrete element method and found that the failure characteristics were significantly affected by the shape of rubbles. Kuenza et al. [5] conducted torsional shear tests on soil-rock mixture and found that the soil-rock mixture strength was greatly affected by the soil-rock content. When the rock content was less than 40%, soil mass bored the major stress. When the rock content was more than 40%, the soil mass and rocks bore stress together. Irfan et al. [6, 7] studied the effect of coarse grain content on the strength of soil-rock mixture.
rough laboratory experiments, they found that when the grain content was less than 10%, the shear strength had no effect with the increase of content. When the grain content was more than 30%, the shear strength of soil-rock mixture increased significantly with the increase of the content. When the grain content is between 10% and 30%, the shear strength is still dominated by fine grains, while the influence of coarse grains on shear strength is small.
In recent years, the study of mechanical properties of soil-rock mixture media with the help of numerical simulation technology has developed rapidly and has become an important method to study the mechanical properties of soil-rock mixture [8] [9] [10] [11] [12] . Two-dimensional strength test of soil-rock mixture mesoscopic medium can be realized by digital image processing technology and mixture random reconstruction technology. For instance, Tanshman et al. [13] applied numerical image processing and CT technology to study the concrete-asphalt mixture and gained the "microstructural tensor" of mixture distribution through a quantitative analysis. Yue et al. [14, 15] analyzed the internal mesoscopic structure of granite in Hong Kong by using digital image finite element analysis and established a mesoscopic model to study the mechanical properties. e three-dimensional strength test could be realized through three-dimensional CT scanning and three-dimensional random particle reconstruction. Shi et al. [16] [17] [18] [19] studied the shape parameters of pebble and gravel particles by three-dimensional laser scanning. e results showed that, for the same volume of pebble and gravel, the smaller the volume, the smaller the surface area difference between pebble and gravel, and the smaller the influence of mechanical properties.
e overall shape coefficient of pebble was generally higher than that of gravel.
en, the results of triaxial compression test or shear test are obtained. Next, they acquired results which conformed relatively well to mechanical properties of soilrock mixture through a triaxial compression test and a shearing test.
In this paper, three-dimensional random particles were generated by the Fourier random formation method [20] based on the triaxial compression test. Subsequently, these particles and soil particles were compacted into the soil-rock mixture samples. A triaxial compression test of the sample was carried out to discuss influences of rock content and mesoscopic structure on strength of media.
e research results will provide references for determination of strength parameters of the soil-rock mixture.
Laboratory Experiment

Experimental Materials and Processes.
Soil-rock mixture was usually considered to be composed of "soil" and "block rock" binary media. Soil was used as matrix and rubble as filler. e soil used in the experiment was low liquid limit soil containing sand (particle size less than 10 mm), with water content 16%, liquid limit index 25.6%, and plastic index 12.6%. e gravel used in the experiment was artificial gravel (particle size 10-15 mm).
e basic physical and mechanical parameters of soil and gravel are shown in Table 1 .
e experiment was carried out on a medium triaxial experiment system (Figure 1 ). e confining pressure was 20 kPa, which ensured that the specimen was close to the rubber film and excluded the air. e method to saturate the sample was to gradually saturate the sample from the bottom to the top by opening the bottom inlet valve. e inlet valve was closed after the mixed sample was saturated, and drainage consolidation experiment was conducted according to the experiment requirements until the end of the experiment. e total mass of dry soil and gravel is 2960 g. e effects of stone content and different gravel types on the mechanical properties of soil-rock mixture were studied. e loading rate was 0.05 mm/ min, and the loading should be stopped when the axial strain reached 15%.
Experiment Results.
For different rock content experiments, gravel size was 10-15 mm (less than 10 mm particles are regarded as soil), stone content was 0% (gradation 1), 10% (gradation 2), 30% (gradation 3), 50% (gradation 4), and 70% (gradation 5), and the particle size distribution is shown in Table 2 . e triaxial test results of soil-rock mixture are shown in Figure 2 .
e results showed that (1) the stress-strain curve of soil-rock mixture was nonlinear, showing strong hardening characteristics; (2) under the same rock content, the greater the confining pressure, the higher the strength; (3) with the increase of rock content, the stress-strain curve fluctuated locally, indicating that the internal rubble structure was found to change, and there were extrusion and occlusion between them.
e experimental results could provide a basis for subsequent numerical simulation.
Preparation of Numerical Samples
e numerical test was designed according to laboratory triaxial test system size (200 mm (height) × 101 mm (diameter)). Firstly, the random framework particle template is shown in Figure 3 (a). e first row was gravel with good roundness, and the second row was the rock fragments which were commonly used in engineering. e third row was the very coarse cement particles. Different types of mixture templates can be used to construct particles randomly. e constructed particles were put in the constraint wall of the model in Figure 3 (b). en, the soil particles were generated outside the framework particles.
e wall was composed of many triangle surfaces in the threedimensional situations. During model generation, servo processing of samples was implemented through the upper and lower walls as well as the side walls. Next, the compression loading test was performed by controlling the upper and lower walls.
In the compression loading test, the upper wall moves downward slowly and the moving speed was controlled at 0.0005 m/s. e bottom wall was kept fixed in the test. During the compression, a constant confining pressure was applied on the side wall by the servo mechanism.
e soil particles were simulated by balls, and the rubble was basically nonbroken in the laboratory test, so the rubble was simulated by the nonbroken rigid cluster (clump). Sample preparation steps were introduced as follows:
(1) Firstly, soil particles with certain size were generated in PFC3D. To eliminate size effect, soil particles should be smaller than 1/80 of side length of the simulation device. Since the minimum side length was 101 mm, the soil particle diameter was smaller than 1.2 mm. In this paper, soil particle diameter was set 1.0-1.2 mm (Figure 4 (a)). (2) Based on the skeleton particle template (row 2) as shown in Figure 3 (a), random rubbles were generated by using the random placement method in PFC3D, and the size range of rubble was 5-20 mm (as shown in Figure 4 (b)). (3) Because there was overlap between clumps of rubble and balls of soil particle, the simulation effect will be affected greatly. erefore, after traversal of all balls, the ball that overlaps with clump was deleted, and then contact parameters were applied to contacts between particles in order to make soil-rock interaction bounce apart, and a 3D random mesostructure model of soil-rock mixture can be obtained for discrete element numerical simulation. Lastly the soil-rock mixture obtained by above procedure is shown in Figure 4 (c).
Calibration of Soil-Rock Mesoscopic Parameters
During parameter calibration, macroscopic parameters of the material may not match with corresponding mesoscopic parameters. Changes of macroscopic parameters might induce changes of multiple mesoscopic parameters. ere was a significant nonlinear relationship between macroscopic parameters and mesoscopic parameters. Hence, parameter calibration of PFC model was a very complicated process. During PFC model test, given determined size and combination mode of model particles, the mesoscopic parameters of the model need to be constantly adjusted. e calibration of the parameters was not completed until the macroscopic response of the model was close to the macroscopic parameters of the model we need, and the mesoscopic parameters obtained were the results required for calibration. In soil-rock mixture, there were three types of contacts, namely, soil-soil contact, soil-rock contract, and rock-rock contact. ey were all simulated by the contact bonding model (CBM) [9] . Based on this model, it was suggested to adopt the following parameter calibration process:
(1) e material strength was set as a large value firstly, and then elasticity modulus of particles was adjusted. In other words, E c was used to match macroscopic elasticity modulus of the material. Generally, mesoscopic elasticity modulus was positively correlated with macroscopic elasticity modulus. e normal and tangential rigidity ratio of particles was adjusted. is implies that k n /k s was used to match macroscopic Poisson's ratio of the material. Researches demonstrated that Poisson's ratio was positively correlated with the rigidity ratio. After several trials, the values of E c and k n /k s were determined. Later, values of k n and k s could be gained from k n � 2E c . (2) After obtaining the desired elastic response, the contact bond strength (σ c and τ c ) between particles began to be calibrated, as they could influence the peak strength significantly, and the τ c /σ c may influence the failure mode of samples to some extent; generally, τ c /σ c was determined 1.0, and through continuous trials, σ c and τ c could be gained at matching of peak strength. (3) rough calibration of previous two steps, the mesoscopic parameters before the peak strength of the material in the compression process could be matched. If it has to reproduce postpeak behavior of materials, the friction coefficient (μ) of particles had to be adjusted; however, there was no appropriate valuation standard of this parameter at present.
Based on calibration of pure soil according to above methods, rubble parameters were calibrated by the method proposed by Yoon [21] . Finally, the soil-rock mesoscopic parameters are listed in Table 3 .
Numerical simulation studies of soil-rock mixture samples with 30% rock content under three confining pressures (200 kPa, 400 kPa and 800 kPa) were carried out and compared with laboratory test. It could be seen from Figure 5 that the stress-strain curves in all numerical simulation studies were basically consistent with those of the laboratory test. In the initial elastic stage, numerical simulation results were slightly smaller than laboratory test results, which indicated that the mesoscopic mechanical parameters can reflect deformation features of soil-rock mixture reasonably. Figure 6 (a) is the stress-strain curve and particle position at different strains with 30% rock content and confining pressure 400 kPa. Among them, balls (to simulate soil) showed displacement and clumps (to simulate gravel) showed rotation angle. As can be seen from the Figures 6(b)-6(e), with the increase of strain from 0 to 12%, the gravel acting as coarse skeleton would turn around 9°. rough the adjustment of its position, the contact between the coarse skeleton and soil particles became more dense, which further improved the bearing capacity and formed the hardening curve as shown in Figure 6 (a). On this basis, soil-rock mixture samples with rock contents of 0%, 10%, 20%, 30%, 40%, 50%, 60%, and 70% were simulated. e stress-strain curves are shown in Figure 7 . In the initial loading stage, stress-strain curves were straight. Given the same rock content, strength was positively with confining pressure. Soil-rock mixture developed hardening features, and the hardening phenomenon increased significantly with the increase of confining pressure.
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Analysis of Numerical Results
Effects of Rock Content.
Effects of Coarse Aggregate Particle Shape.
In order to discuss the effects of rock content on mechanical properties of soil-rock mixture, soil-rock mixture samples with different coarse degrees and rock contents of 0%, 10%, 20%, 30%, 40%, 50%, 60%, andlf 70% were simulated under the same rubble gradation. As shown in Figure 8 , five groups of numerical model were constructed to each of rock content and confining pressure were set 200 kPa, 400 kPa and 800 kPa. Statistics on each group of cohesion and friction angle are shown in Table 4 .
Based on organization of data in Table 4 , the variation curves of cohesion and friction angle of soil-rock mixture with rock content are shown in Figure 9 . Figure 9 demonstrates that, with the increase of rock content, the internal friction angle of soil-rock mixture increased continuously, while the cohesion of soil-rock mixture decreased firstly and then increased. With the increase of the stone content, the extrusion and biting effect between the stones was significant, and the internal friction angle increased significantly. e specific performance was that, when the stone content increased from 0% to 70%, the internal friction angle increased from 16.0 to 35.6 and increased by 122.5%. When the stone content of soil-rock mixture increased from 0% to 50%, the cohesion decreased from 48.2 kPa to 20.6 kPa, which decreased by 57.3%. is was mainly because soil mass bored most stresses under low rock content, and the adding of rock fragment would decrease cohesion to some extent. When the rock content increased from 50% to 70%, the cohesion of soil-rock mixture increased by 65.5% from 20.6 kPa to 34.1 kPa. Under this circumstance, the increase of cohesion was mainly due to the significant effect of occlusion and extrusion between crushed stones at high stone content, which improved the cohesion index to a certain extent. e law of numerical simulation was basically consistent with that obtained by some scholars' experiments, which showed that the particle discrete element method had a good effect in simulating soil-rock mixture.
Effects of Rubble Random Position.
e strength and mechanical properties of the soil-rock mixture at the same location were very discrete with the spatial distribution of the rubble. In this paper, mechanical properties of soil-rock mixture at different random positions of rock fragments were analyzed, the rock content of samples was controlled 30%, and the rock fragment size was 10-15 mm; three groups of random position models are shown in Figure 10 and the stress-strain curves are shown in Figure 11 .
It can be found from Figure 11 that (1) the stress-strain curves of soil-rock mixture takes a nonlinear change, showing a strong hardening characteristic; (2) for the same sample, the strength was proportional to the confining pressure; (3) with the increase of confining pressure, the stress-strain curves fluctuated locally, and the results showed that the internal structure of the rock had changed, and the effect of extrusion and occlusion was strengthened. Peak strengths at different random positions under different confining pressures are listed in Table 5 . As can be seen from the table, the peak strength of the same sample presented linear change with the confining pressure, and the higher the confining pressure was, the higher the peak strength was. Under the same confining pressure and different random positions, the peak strength had a certain dispersion.
e strength Mohr's circle and strength envelope lines of different samples under different random positions are shown in Figure 12 . Strength indexes of soil-rock mixture (e) Figure 6 : Particle position changes during compression: (a) stress-strain curve; (b) particle position at 1% strain; (c) particle position at 3% strain; (d) particle position at 6% strain; (e) particle position at 12% strain. 
Advances in Civil Engineering
Advances in Civil Engineering 13
under different random positions of gravel are listed in Table 6 . It can be seen from Table 6 that numerical values of friction angle were similar among three groups of samples.
e difference between maximum and minimum of friction angle was only 6%. e difference between maximum and minimum of cohesion was 21.3%. It showed that the numerical simulation of mesoscopic skeleton particles of random soil-stone mixture was reliable, and the position of random aggregate would not cause great deviation of strength parameters.
Conclusions
Based on the conventional triaxial test of soil-rock mixture, this paper carried out a triaxial compression simulation test of the soil-rock mixture by using particle flow code (PFC).
e influences of rock content, aggregate microscopic characteristics, and random distribution on macroscopic shear strength characteristics were analyzed, and the main conclusions are as follows:
(1) With the increase of rock content, the internal friction angle of soil-rock mixture increased continuously and the cohesion between them decreased firstly and then increased. Moreover, extrusion and occlusion effect of rubbles intensified gradually, while the internal friction angle increased dramatically.
(2) e variation law of friction angle of the soil-rock mixture was basically consistent with conclusions of Jia Xueming. It was discovered from the comparison between numerical simulation results and laboratory test results that the stress-strain curves of numerical simulation were basically consistent with those of the laboratory test. e stress-strain curves were hardening curves without evident peak strength. (3) Although soil-rock mixture had certain discretion, the error was small, and it showed that the numerical simulation of the strength characteristics of the soilrock mixture by the particle flow code had good credibility.
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